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The pre-hydrolysis state of p21ras in complex with GTP: new
insights into the role of water molecules in the GTP hydrolysis
reaction of ras-like proteins
Axel J Scheidig*, Christoph Burmester and Roger S Goody*
Background: In numerous biological events the hydrolysis of guanine triphosphate
(GTP) is a trigger to switch from the active to the inactive protein form. In spite of
the availability of several high-resolution crystal structures, the details of the
mechanism of nucleotide hydrolysis by GTPases are still unclear. This is partly
because the structures of the proteins in their active states had to be determined
in the presence of non-hydrolyzable GTP analogues (e.g. GppNHp). Knowledge of
the structure of the true Michaelis complex might provide additional insights into
the intrinsic protein hydrolysis mechanism of GTP and related nucleotides.
Results: The structure of the complex formed between p21ras and GTP has
been determined by X-ray diffraction at 1.6 Å using a combination of photolysis
of an inactive GTP precursor (caged GTP) and rapid freezing (100K). The
structure of this complex differs from that of p21ras–GppNHp (determined at
277K) with respect to the degree of order and conformation of the catalytic
loop (loop 4 of the switch II region) and the positioning of water molecules
around the γ-phosphate group. The changes in the arrangement of water
molecules were induced by the cryo-temperature technique.
Conclusions: The results shed light on the function of Gln61 in the intrinsic
GTP hydrolysis reaction. Furthermore, the possibility of a proton shuffling
mechanism between two attacking water molecules and an oxygen of the
γ-phosphate group can be proposed for the basal GTPase mechanism, but
arguments are presented that render this protonation mechanism unlikely for the
GTPase activating protein (GAP)-activated GTPase.
Introduction
Guanine–nucleotide binding proteins are involved in a
broad range of intracellular processes involving signal trans-
duction (small p21ras-like proteins, heterotrimeric G pro-
teins), vesicular transport (Rab proteins) and polypeptide
synthesis (elongation and initiation factors) (for reviews, see
[1–3]). Their properties are strongly coupled to the state of
the bound nucleotide, in general being active and interact-
ing with effector proteins if guanine triphosphate (GTP) is
bound and inactive if guanine diphosphate (GDP) is bound
[1]. GTP hydrolysis to GDP is performed intrinsically or in
a dramatically enhanced manner upon interaction with
GTPase-activating proteins (GAPs) [4]. The mechanism of
GTP hydrolysis and the associated rearrangements in
protein topology are central to the function of these pro-
teins. Elucidation of the chemical mechanism of the bond
cleavage between the β-phosphate and γ-phosphate has
been the focus of numerous studies involving isotope
labelling [5], site-directed mutagenesis [6,7], X-ray diffrac-
tion [8,9], NMR spectroscopy [10,11] and molecular
dynamic simulations [12,13]. Much of the experimental
data is most easily interpreted in terms of an associative
mechanism with an activated water molecule acting as a
nucleophile performing an in-line SN2-like attack on the
phosphorus atom followed by cleavage of the bond
between the β- and γ-phosphates. The absence of an
obvious candidate for a general base that abstracts a proton
from the attacking water molecule, together with evidence
favouring a dissociative mechanism in the non-enzymatic
hydrolysis of GTP, has led to the suggestion that a dissocia-
tive type of mechanism should be considered. Recently the
γ-phosphate group  itself has been suggested to be the base
responsible for deprotonation of the hydrolysing water mol-
ecule in a substrate-assisted catalysis mechanism [14] pro-
ducing an attacking hydroxy-ion. The possible involvement
of other water molecules was not discussed.
Much of the evidence on the mechanism of GTP hydroly-
sis by p21ras and related GTPases comes from the
structure of such proteins with non-hydrolysable GTP
analogues (GppNHp, GTP(γ-S) or GppCH2p) at the
active site. It is not clear, however, whether these struc-
tures can be used for detailed mechanistic interpretations.
In the ATPase field there is reported evidence (e.g. for
the chaperone DnaK) that AppNHp does not properly
mimic the ATP. In past work, we used a photosensitive
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precursor of GTP (caged GTP) at the active site of p21ras
to allow crystallisation of this complex and generation of
the genuine substrate, GTP, at the active site [15]. In
combination with the Laue method for X-ray diffraction at
a synchrotron source, this allowed determination of the
structure of the p21ras–GTP complex, as well as that of
p21ras–GDP after enzymatic hydrolysis had occurred in
the crystal. Although these experiments were technically
successful, limitations of crystal quality and the Laue dif-
fraction method used in these  resulted in only moderate
resolution in the electron-density map so that several
regions of the protein were not well defined, and sub-
sequent improvement of crystal quality for monochro-
matic diffraction led to only a modest improvement in this
respect under Laue conditions [16]. Thus, questions such
as what is the definition of the conformation of the switch
II region of the protein, which is involved in catalysis? and
what are the positions of water molecules potentially
involved in catalysis? could not be addressed in the
genuine GTP state, but only in the better resolved
GppNHp state. Figure 1 summarises the remaining open
questions that were the focus of the work presented here.
The structure of Rap2a, a member of the Ras superfamily,
with GTP at the active site has been published recently
[17]. This is an uncharacteristically slow GTPase,
however, and the structural model obtained also lacks
water molecules at the active site.
Here we report on the combination of photolysis of caged
GTP in crystals of p21ras with rapid freezing to trap the
transiently formed GTP state, leading to a high resolution
p21ras–GTP structure. A comparison of the p21ras–GTP
structure with that of the structure of a model for the transi-
tion state of the GAP-activated p21ras GTPase arising from
other work allows a detailed mechanistic description of the
approach to the transition state from the ground state. In
addition we have re-determined the p21ras–GppNHp struc-
ture at the two commonly used temperatures, 100K and
277K. The comparison of the 100K and 277K structures
reveals a significant shift in the positions of mechanistically
important water molecules.
Results
Production of p21ras–GTP and p21ras–GDP crystals
We have shown previously [18] that the use of the pure R-1-
(2-nitrophenyl)ethyl GTP ester diastereoisomer rather than
the mixed RS-isomers or the pure S-caged isomer gave crys-
tals of the complex that diffracted to much higher resolu-
tion. The protecting group can be removed by irradiation of
the sample with light in the wavelength range 300–360 nm
[19]. In principal, several different light sources can be used
for photolysis. Depending on the conditions of the experi-
ment, however, the energy load per unit time must be opti-
mised to avoid damage to the sample although achieving
essentially complete conversion to the natural substrate or
ligand (for a more detailed discussion see [20]). Best results
for the present purpose were obtained with a 100 W
mercury lamp in continuous mode using the characteristic
line at 313 nm (see the Materials and methods section).
Crystals of p21ras–GTP frozen rapidly in liquid nitrogen
approximately two minutes after photolysis of caged GTP
diffracted as strongly as crystals of unphotolyzed
p21ras–caged GTP of comparable size. Photolysis and
removal of the cage group, therefore, followed by sub-
sequent reaction of the reactive photolysis product
nitrosoacetophenone with dithiothreitol (DTT) caused no
detectable crystal damage. We could never observe any
electron density in the crystals that can be related to either
DTT or reaction products with nitrosoacetophenone.
Mass spectrometry did not indicate any covalent modifica-
tion of the protein (data not shown, see the Materials and
methods section). Crystals of p21ras complexed with GDP
arising from GTP hydrolysis after photolysis showed sig-
nificantly reduced diffraction quality compared with those
of p21ras–GTP. Given that the p21ras–GDP crystals were
derived from p21ras–GTP, it is apparent that the reduction
in crystal quality was not caused by the irradiation protocol
but by events accompanying GTP hydrolysis.
Comparison of p21ras–GTP and p21ras–GppNHp
There are no differences in the general fold of the protein
and in the mainchain and sidechain positions of most of
the residues between the two structures. Comparing the
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Figure 1
The active site of p21ras in complex with GTP and the catalytic
mechanism for the intrinsic hydrolysis. The residues and atoms involved
in indirect or direct participation in the intrinsic GTP hydrolysis reaction
are illustrated and give rise to the following questions. If GTP serves as
the general base that is protonated during the reaction, how does the
proton from the attacking water get there? A glutamine or glutamic acid
at position 61 is necessary for the intrinsic reaction [7] — what is its
function? In some crystal structures of p21ras–GDP, water molecule
Wat173 is not visible – is it directly involved in the hydrolysis reaction?
Most structures have been solved with GppNHp — is it a good analogue
for GTP? This figure was generated using the program Bobscript [59].
Asp57
Wat173
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GTP Wat189
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100K structure of p21ras–GTP with the 277K structure of
p21ras–GppNHp (PDB entry 5P21 [8]) we observed signif-
icant differences in three protein regions, namely residues
30–31, 61–68 and 107–108. Furthermore, most of the
water molecules were shifted, in particular the three water
molecules nearest the γ-phosphate group. These structural
changes could be a consequence of the different
nucleotide bound at the active site or could be caused by
the change in temperature for data collection. To be able
to distinguish between these possibilities we re-deter-
mined the crystal structure of p21ras–GppNHp at 100K
and included it in the comparison. (The temperature used
for data collection is given in parentheses after the struc-
ture name, for example p21ras–GppNHp (277K) refers to
the PDB entry 5P21 [8]. Water molecules that occupy the
same position as in p21ras–GppNHp (277K) within a
sphere radius of 0.5 Å or are shifted equivalently have the
same number as in p21ras–GppNHp (277K). New
numbers are assigned to all other water molecules.) 
For residues 107–108, different conformations were already
observed and discussed [18] and appear not to be related to
the active site situation. The difference in the peptide bond
orientation between residues Asp30 and Glu31 reflects an
alternative orientation for the peptide bond oxygen of
Asp30. The different position of Asp30-O is of interest
because in this orientation there is a hydrogen bond
between Asp30-O and the 3′ hydroxy group of the ribose
ring of GTP (d (Asp30-O–GTP-O3′) = 3.48 Å). In the struc-
ture of p21ras–GTP (100K) this orientation has a signifi-
cantly higher occupancy compared with the major
orientation in the complex with GppNHp (p21ras–GppNHp
(277K) [8] and p21(G12P)ras–GppNHp (277K) [21]). The
minor orientation was used for the hydrogen-bond network
figure in [8]. This hydrogen bond appears to be weak, as
evidenced by the fact that it is not 100% formed in the
structure and the fact that 3′-modified GTP and GDP ana-
logues bind with high affinity to p21ras [22].
The largest deviations between the structures of
p21ras–GTP (100K) and p21ras–GppNHp (277K) are
observed around the so-called catalytic loop of the switch II
region. This loop (residues 60–64) and the start of helix α2
(residues 65–67) are the most poorly defined regions in the
whole protein, as reflected by the B-factor plot [8]. In both
100K structures (p21ras–GTP and p21ras–GppNHp),
however, the amino acids from Gln61 to Met67 are much
better defined than in the 277K structures, both with
respect to the mainchain and, with the exception of Glu62,
with respect to the sidechains as well. In three indepen-
dently solved structures of p21ras–GTP (see the Materials
and methods section), we observed essentially the same
electron-density distribution for the mainchain and
sidechains. In the case of Gln61 and Glu63, however, two
slightly different alternative sidechain conformations have
to be discussed for p21ras–GTP (100K) but not for
p21ras–GppNHp (100K). The two alternative conformations
for the sidechain orientation of Gln61 are approximately
equally occupied. The interpretation of the observed elec-
tron density as two conformations of Gln61 and not as statis-
tically disordered water molecules is on the basis of the very
good definition of two water molecules (Wat175-A and
Wat175-B) near the γ-phosphate group (Figure 2). Because
of steric overlap it is not possible to have both water mol-
ecules (Wat175-A and Wat175-B) simultaneously in these
two positions (d = 1.6 Å). The refinement in the program
SHELXL [23] as two alternative water molecules gave an
occupancy of 60% for Wat175-A (B factor = 29 Å2) and of
40% for Wat175-B (B factor = 27 Å2). In all three indepen-
dently refined p21ras–GTP structures positive difference
electron density in simulated annealing omit maps could be
observed for these two water positions as well as density
reaching from the Cα backbone at position 61 towards the
position of Wat175-A. The correlation coefficients of the
simulated annealing omit maps for the three individually
refined data sets was between 0.93 and 0.95 (omitting all
atoms within a sphere of 7 Å diameter around water posi-
tion Wat175-A for refinement and calculating the map for a
sphere of 4 Å diameter around that position). Placing the
sidechain of Gln61 in other conformations resulted in strong
negative difference electron density for these orientations.
On the basis of these observations we refined the Gln61
sidechain in two alternative conformations that could form
hydrogen bonds to either one of the two water molecules
Wat175-A and Wat175-B (Figure 2b). A similar orientation
for Gln61 was proposed (but not observed directly) as the
‘catalytically active conformation’ in p21ras–GppNHp [8] in
which Gln61 was proposed to serve as a base (with the help
of Glu63) to activate the attacking water molecule [8]. In all
three independent structures we never observed an orienta-
tion of the Gln61 sidechain in direct contact with the
γ-phosphate group. Another major difference in the inter-
pretation of this loop region occurs for the sidechain orien-
tation of residues Glu63, Tyr64 and Met67 (Figure 3). As a
consequence of the two alternative conformations for
Gln61, the orientation of Glu63 can also be interpreted with
two similar conformations, each making a hydrogen bond
between the sidechain atoms Gln61-NE2 and Glu63-OE1
(Figure 2b). The two alternative water positions and the
conformations of Gln61 and Glu63 were initially refined
independently, however, because they refined with nearly
the same occupancies in later refinement steps they were
treated as an ensemble giving for all three parts the same
occupancy. The whole of residue Tyr64 is very well
defined and occupies the space in which originally the
sidechain of Glu63 was modelled in the 277K GppNHp
structures. Close to the position of Tyr64 in the 277K
GppNHp structure the sidechain of Met67 is now posi-
tioned in very well-shaped electron density. Because the
electron density for this loop region compared with the rest
of the protein is weak we questioned whether these new
conformations are really supported by the data. We have
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therefore generated 500 different low-energy conformations
(mainchain and sidechain rotamers) for the whole loop
region from residues 60–68 (conformations generated with
the program ICM 2.7 [24]) and performed refinement with
the program CNS [25]. Evaluation of the different confor-
mations was performed by simulated annealing refinement
of the individual conformations and monitoring the Rwork
and Rfree residual factors, respectively. Interpretation of
simulated annealing omit maps for the refined conforma-
tions clearly selected the same conformations for residues
Gln61, Glu63, Tyr64 and Met67 as originally interpreted
from the electron-density map (Figure 3). This structural
interpretation (including two correlated, alternative confor-
mations for Gln61 and Glu63) refined 1.5% lower in the
Rfree value compared with the GppNHp (277K) conforma-
tion. This different interpretation for the positioning of the
sidechains is most probably because of the better, however
still weakly defined, electron-density distribution in this
region for the 100K structures. Using this loop structure for
a re-refinement of p21(G12P)–GppNHp [21] including
cross-validation (Rfree test) resulted in a drop of ~0.7% for
both Rwork and Rtest (data not shown).
Comparison of p21ras–GTP and p21ras–GDP
The main differences in the two nucleotide-bound states
are within the switch I and switch II regions, as already
observed and discussed (for a review see [2]). The quality
of the electron-density map in these two loop regions in
the GDP structure derived from p21ras–GTP by hydrolysis
in the crystal is very poor and might reflect an ensemble of
different conformations. This disorder is most probably
the result of lost interactions of protein atoms with the
γ-phosphate group (in particular, Thr35 and Gly60 are no
longer anchored). In addition to the uncertainty in posi-
tioning of these two loop regions, the N-terminal part of
helix α2 (residues 65–71) refines with very high B factors
for mainchain and sidechain atoms and the electron-
density is not well defined, possibly indicating a tendency
towards reorientation of this helix. Given that the switch I
and the switch II regions are part of the same crystal-
packing interface related by the twofold axis, changes in
this region could be the cause of the observed shortening
of the longest cell axis from ~159 Å to ~154 Å, which is
directly connected to the progress of the hydrolysis of
GTP to GDP in the crystal. Furthermore, rearrangements
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Figure 2
Stereo representation of the active site of
p21ras in complex with GTP. Displayed are the
γ-phosphate and β-phosphate of the
nucleotide, the Mg2+ cation with its
coordinating water molecules Wat172 and
Wat173, the amino acid residues Ser17,
Thr35, Gly60 and Gln61 (conformation A and
B) together with the water molecules around
the γ-phosphate group. The figure shows the
active site viewed onto the plane formed by
the β,γ-bridging heteroatom and the 
γ-phosphorus and β-phosphorus. 
(a) Superposition of the Fo–Fc (cut-off 1σ in
green) and 2Fo–Fc σA-weighted (cut-off 2σ in
blue) electron-density maps calculated after
simulated annealing refinement (merged data
set T1 + T2 + T3) omitting the water
molecules Wat175, Wat189, Wat190 and
the amino acid residues 61 and 63,
respectively. (b) The observed and discussed
interactions based on the interpretation of the
electron-density distribution. Hydrogen bonds
are shown as dashed lines. This figure was
generated using Bobscript [59].
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of these loops can cause a break in crystal symmetry and
perhaps even a kind of twinning; these aspects are cur-
rently being analysed. The coordination sphere of the
divalent cation Mg2+ is well defined and will be discussed
because it is relevant to the mechanism. The position of
Thr35-OG1 in the p21ras–GTP structure is replaced by a
new water molecule and because of this and the loss of the
γ-phosphate group, which is also replaced by a water mol-
ecule, the octahedral coordination sphere of Mg2+
becomes slightly distorted. In contrast to the interpreta-
tion of low-resolution p21ras–GDP structures [16,26] and
in agreement with PDB entry 4Q21 [27] we observe elec-
tron density, albeit weak, for a water molecule between
the sidechain atom Asp57-OD1 and the Mg2+ ion, indicat-
ing no loss of this water molecule during the hydrolysis
reaction (Wat173 in the p21ras–GppNHp structures). 
The γ-phosphate environment and temperature
dependency of the associated water structure
For the discussion of the hydrolysis mechanism we
describe and compare the structural environment around
the γ-phosphate of GTP with the stereo-chemical situation
and water arrangement seen in the high resolution crystal
structures of p21ras in complex with GppNHp [8,21].
Because the p21ras–GTP structures were determined at
100K after shock-freezing the crystal in liquid nitrogen (no
addition of cryo-protectant was needed), we have ‘re-deter-
mined’ the p21ras–GppNHp structure using the same crys-
tallisation and freezing conditions as for p21ras–GTP. The
different structures were refined in parallel using identical
refinement strategies (see the Materials and methods
section). In the p21ras–GppNHp (277K) complexes, three
water molecules, Wat172, Wat173 and Wat175, are well
conserved in position and refine with below-average tem-
perature factors (Figure 4). In all crystal structures of
GTP-binding proteins a similar water structure around the
γ-phosphate was observed when GppNHp or GTPγS was
bound (elongation factor (EF)-Tu–GppNHp [28,29];
Gtα–GTPγS [30]). The water molecules Wat172 and
Wat173 are part of the Mg2+ coordination sphere and
Wat175 is positioned approximately in-line with the scissile
β,γ-P–O bond. On the basis of its position, water molecule
Wat175 was proposed to be involved in an SN2-like in-line
attack on the γ-phosphate group [8].
A striking difference between the p21ras–GppNHp (277K)
structures and the p21ras–GTP (100K) structure presented
is the exact positioning of water molecule Wat175 and two
additional water molecules that are within a 6 Å radius of
the γ-phosphate group. In the GTP structure there is no
electron density visible at the position occupied by water
molecule Wat175 in the GppNHp (277K) structures. The
next closest water in the p21ras–GTP (100K) structure to
this position is 0.8 Å further away from the γ-phosphate and
in hydrogen-bonding distance to the carbamoyl group of
Gln61 (Figures 2,5,6). The shape of the electron density of
this water molecule is unusual. It is not spherical as for the
well-defined water molecules of the Mg2+ coordination
sphere, but has a pear-like shape with the smaller end ori-
ented towards the position occupied by Wat175 in the
GppNHp (277K) complexes. This feature was seen in all
three independently refined structures of p21ras–GTP
(100K) and therefore cannot be explained by random noise.
Furthermore, we observe an elongated electron density
close to the positions of the GppNHp (277K) waters
Wat189 and Wat190. Interpretation of this electron density
as two water molecules (GTP–Wat189 and GTP–Wat190)
and refining their positions placed them ~0.9–1.3 Å apart
from the corresponding GppNHp (277K) water molecules
shifted in direction towards the γ-phosphate group. These
four water molecules (Wat189 and Wat190 of GppNHp
(277K) and of GTP (100K), respectively) are lined up in a
manner that has the appearance of a water channel coming
from the surface of the protein reaching to the γ-phosphate
(Figure 5a). The same shift for these three water molecules
is observed comparing p21ras–GppNHp (100K) with
p21ras–GppNHp (277K) (Figure 5b). The only difference
between p21ras–GTP (100K) and p21ras–GppNHp (100K)
in this region is that we do not observe two alternative posi-
tions for the shifted water molecule Wat175 as seen for
GTP–Wat175 but the same pear-like shape of the electron
density extending from this water molecule making a
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Figure 3
Stereo representation of part of the loop L4 of
the switch II region of p21ras–GTP (100K).
The 2Fo–Fc σA-weighted electron-density
map contoured at 1.5σ superimposed with
the residues 61–68. In green, the residues
Gln61 (only alternative conformation A),
Glu62, Glu63 (only alternative conformations
A), Tyr64, Ser65, Ala66, Met76 and Arg68 of
p21ras–GTP (100K) are superimposed with
the corresponding residues of
p21ras–GppNHp (277K) in magenta (PDB
entry 5P21 [8]). This figure was generated
using Bobscript [59].
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Glu63 (100K)
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‘bridge’ to water molecule Wat189 (Figure 4). The struc-
ture determination at two different temperatures therefore
enabled us to distinguish between structural differences
caused by the different nucleotide bound in the active site
of p21ras and the two different temperatures used for data
collection, respectively. 
Discussion
Rearrangement from the GTP- to the GDP-bound state
The simplest description of the change in structure of the
effector loop is that on GTP hydrolysis, the well defined
single conformation is lost and replaced by a complex
mixture of individual conformations. The main reason for
this is the loss of interactions of the highly conserved
Thr35 with the γ-phosphate group through its mainchain
NH and with the attacking water molecule through its
mainchain carbonyl group (Figure 6). The sidechain
hydroxyl of this residue is also a ligand of the Mg2+ ion in
the GTP state, but this interaction is also lost on GTP
hydrolysis. The loss of these interactions allows Thr35 and
its neighbouring residues to move away from the
nucleotide. The largest resulting change is in Tyr32, as
documented previously. The loss of specific structure of
the effector loop is in harmony with recent results on the
kinetics of the interaction of Ras with its effector Raf [31],
where it was shown that the association process between
these two proteins is dramatically decreased in rate in the
GDP state, which can be interpreted as arising from the
entropic disadvantage of the existence of a large number
of possible structures in this region.
In the terminology of GTP-binding proteins, loop L4 is
called the ‘catalytic loop’, reflecting the fact that its
residues were recognized to be actively involved in the
hydrolysis reaction. This loop is part of the switch II
region, which is proposed to reorientate upon or after GTP
hydrolysis (for a detailed discussion see [30,32]). The
observed low quality of the electron density in this region
and the high B factors for these residues in all p21ras–GDP
structures might be a result of the tendency of helix α2 to
partially unwind and reorientate on hydrolysis of GTP. In
the crystal form of p21ras used (residues 1–166 of p21ras),
however, the extent of reorientation for this helix is
limited because larger movements would destroy major
crystal-packing interactions [18]. Upon hydrolysis we
observe significant shrinkage of the long cell axis (c) from
~159 Å to ~154 Å, which is a further indication for modifi-
cations in this crystal-packing interface. For the discussion
of the hydrolysis reaction mechanism, these reorientations
seem to be unimportant (the GTP hydrolysis reaction
occurs at almost the same rate in the crystal as in solution
[15]) because it is an adjustment to the new situation in
the nucleotide-binding site that occurs after removal of the
cleaved inorganic phosphate. Local conformational
changes in these two regions as a result of the adaptation
of the protein to the new nucleotide state (loss of the
γ-phosphate group) probably cause crystal lattice disorder
and consequently loss of diffraction quality.
The results obtained in the present work show clearly that
the water molecule between Asp57 and the Mg2+ ion is
not lost upon GTP hydrolysis. We therefore assume that
the earlier conclusion that this water molecule is lost was
the result of poor electron density caused by low resolu-
tion and crystal damage.
Temperature-induced shift of water positions
The exact positioning of water molecules is crucial for
almost all reactions of biomacromolecules. For the exact
determination of most water molecule positions, however,
high-resolution X-ray diffraction data of high quality are
required. In recent years the technology of cryocrystallo-
graphy [33,34] has allowed the high-resolution structure
determination of biomacromolecules that could not have
been solved under conventional conditions (~277K). There
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Figure 4
Stereo representation of the 2Fo–Fc
σA-weighted (cut-off 2σ in blue) electron-
density distribution at the active site of p21ras
in complex with GppNHp observed at 100K.
Displayed are the γ-phosphate and 
β-phosphate of the nucleotide, the Mg2+
cation with its coordinating water molecules
Wat172 and Wat173, the amino acid
residues Ser17, Thr35, Gly60 and Gln61
together with the water molecules Wat175,
Wat189 and Wat190 around the γ-phosphate
group. The view is onto the plane formed by
the β,γ-bridging heteroatom and the 
γ-phosphorus and β-phosphorus. This figure
was generated using Bobscript [59].
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is, however, no reported example of a study of the position-
ing of water molecules as a function of temperature. In the
present work, we observed a significant shift in the position
of 15 out of 212 water molecules when we compared the
p21ras–GTP structure determined at 100K with the
p21ras–GppNHp structure determined at 277K [8]. Three
of these water molecules might play a key role in the early
events of the GTP hydrolysis reaction. A comparison of the
p21ras–GppNHp structure re-determined under the same
conditions as for the p21ras–GTP structure showed the same
shift in the water positions as seen when comparing the
GTP structure at 100K with the GppNHp structure at
277K, clearly indicating a dependency on temperature
rather than on bound nucleotide. Of further importance is
that in the 100K structures, these three water molecules
form shorter hydrogen bonds than seen in the 277K struc-
tures (Figure 6). In addition, the sidechain of Gln61 is
better ordered, forming a hydrogen bond with the attacking
water molecule (GppNHp–Wat175). In order to rationalise
this observed temperature-dependent positioning, a tem-
perature-dependent change in the dielectric constant and a
shrinkage in the occupation-sphere of the individual water
molecule might be considered to be important. It might
well be, however, that the observed positions have differ-
ent energy potential functions and therefore different
temperature-dependent occupation. At 100K, only one
group of positions is significantly occupied whereas at 277K
the other set of positions is predominantly occupied. In
GppNHp (100K) for Wat175 only one position is possible,
whereas in GTP (100K) for Wat175 there are two positions
nearly equal in energy (Wat175-A and Wat175-B). Further
experiments with different buffer substances (e.g. the used
Tris-HCl buffer has a significant ∆pKa/∆T value of
–0.028 K–1) at different temperatures should give more
insight into this phenomenon. If we assume that the 100K
water structure is not an artefact but a state that actually
occurs on the reaction pathway preceding the situation in
which attack occurs, it is possible that the 277K position
cannot be seen in the p21ras–GTP structure because a water
molecule in this position reacts rapidly. This view implies
that the rate-limiting step in the basal GTPase reaction is
indeed a process in which, among other things, the attack-
ing water molecule moves closer to the γ-phosphorus. 
GppNHp is a good GTP analogue for p21ras
It was suggested some years ago that the rate-limiting
step in the cleavage of GTP by p21ras is not the cleavage
reaction itself but a conformational change occurring
before a rapid hydrolysis step [35,36]. Although this
model, or more exactly the hypothesis that GAP must
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Figure 5
Stereo representation of the active site
around the γ-phosphate group without
electron density. The wall eye stereo pictures
show the active site viewed along the bond
between the non-liganded 3O and the 
γ-phosphorus. Displayed are the triphosphate
chain of GTP, the Mg2+ cation, water
molecules Wat175 (alternative positions A
and B of p21ras–GTP), Wat189 and Wat190
and residues Lys16, Ser17, Thr35, Gly60 and
Gln61 (conformation A). The water molecules
of p21ras–GTP are displayed as red spheres
and those of p21ras–GppNHp as cyan
spheres. Comparison of the p21ras–GTP
structure determined at 100K with (a) the
p21ras–GppNHp structure determined at
277K (PDB entry 5P21 [8]) and (b) the
structure determined at 100K (this work). This
figure was generated using Bobscript [59].
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only accelerate this slow isomerization reaction in order to
accelerate the overall hydrolysis reaction, has been chal-
lenged and rendered relatively unlikely in its original
form by recent evidence on the involvement of an argi-
nine residue from GAP in the chemical mechanism, this
does not exclude the possibility that a rate-limiting iso-
merisation occurs in the basal GTPase reaction. Because
the evidence favouring this mechanism is the occurrence
of a slow fluorescence change of the p21ras–mant
GppNHp complex [36], this would mean that the equilib-
rium complex between p21ras and GppNHp is an ana-
logue of the p21ras–GTP state immediately after the
conformational change and prior to the actual hydrolysis
step. In contrast, the p21ras–GTP complex characterised
in the present work would, according to this model, be
the complex preceding the conformational change. Thus,
any differences in the p21ras–GppNHp and p21ras–GTP
structure could be interpreted as reflecting this conforma-
tional change. We have determined the p21ras–GTP and
p21ras–GppNHp structures, respectively, at high-resolu-
tion and performed a refinement strategy without geo-
metric restraints for the nucleotide and its environment
(see the Materials and methods section). The observed
bond lengths and angles together with the values of the
estimated standard deviation (esd values) for the phos-
phate part of the nucleotide are given in the Supplemen-
tary material available with the internet version of this
paper. The only significant difference is observed for the
PB–X–PG bond angle (GTP, 130.4° ± 2.5°; GppNHp,
121.8° ± 1.6°). Besides this difference, all phosphorus and
oxygen atoms are, within the positional error, at identical
positions in the different structures. 
Insights into the intrinsic hydrolysis mechanism of p21ras
Given that the first structures of p21ras were solved with
bound GDP [37] and bound GppNHp [8,38] various
models for the hydrolysis mechanism were proposed on
the basis of these structures and molecular modelling [8,9].
Site-directed mutagenesis and replacement of Gln61 [6,7]
added biochemical data to the understanding of the role of
individual residues. The determination of the relationship
between the rate of GTP hydrolysis and the pKa of the 
γ-phosphate group [14] was the first experimental indica-
tion of the possible role for a ‘substrate-assisted catalysis’
mechanism [39]. In addition, there is still controversial dis-
cussion regarding the basic reaction mechanism, whether it
is associative or dissociative [40,41]. In all cases a single
water molecule (Wat175, based on the naming in the PDB
entry 5P21 [8]) is assumed to be the attacking water mol-
ecule. In proposing the γ-phosphate group as the general
base [39], it was assumed that there is transfer of a proton
from the attacking water molecule itself converting it into a
highly nucleophilic hydroxyl ion. We will refer to this as
the ‘one-water model’.
The work presented here allows a more detailed descrip-
tion of the water structure around the γ-phosphate group
at the active site of p21ras before the cleavage reaction
occurs. The striking feature is the observation of a con-
certed shift of three water molecules between different
physical states (Figures 5,6) and a well-defined orientation
for Gln61 in which the sidechain carbamoyl group forms a
hydrogen bond with one of the water molecules,
Wat175-A or Wat175-B. The closest water molecule in the
100K structures to any atom of the γ-phosphate group is
Wat189, which is now the only one in close hydrogen-
bonding distance to phosphate oxygen 3O (d = 2.6 Å) and
in hydrogen-bonding distance to Wat175-B (Figure 6).
On the basis of these structural observations and the linear
free-energy relationship [14], the following flow of events
could lead to formation of the transition state for the intrin-
sic cleavage reaction. First, a proton from Wat189 is
donated to the oxygen 3O of the γ-phosphate (the one
which is not coordinated to any other protein residue or
metal ion in p21ras). This primary protonation step of the
phosphate group changes the electrostatic environment
and the changed charge distribution and hydrogen-bond
network allows Wat175 (the one which is coordinated to
Gln61) to move towards the γ-phosphorus atom. After this
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Figure 6
Scheme of the hydrogen-bond network and
metal coordination including distance values
around the γ-phosphate group as observed in
the p21ras–GTP structure at 100K. For the
water molecule Wat175 the two alternative
positions (A and B, 1.6 Å apart from each
other) are shown. Similarly, for the sidechains
of Gln61 and Glu63 the two alternative
conformations (A and B) are indicated. In the
inset the hydrogen-bonding distances for the
water molecules Wat175, Wat189 and
Wat190 are given as observed in
p21ras–GppNHp (277K) [8].
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shift of ~1.5 Å, Wat175 is now in a position in which on the
one hand it could form a hydrogen bond to the primary
hydroxyl ion and on the other hand is in close contact to
the γ-phosphorus atom. In this situation a proton could be
exchanged between Wat175 and the primary hydroxy ion
resulting in regeneration of Wat189 and formation of a sec-
ondary hydroxy ion, this time in close distance to the
γ-phosphorus atom. Attack of the approaching water mol-
ecule Wat175 or the generated secondary hydroxyl ion
could then lead to formation of the transition state.
Because in this scenario two water molecules are involved,
we will term this flow of events the ‘two-water model’.
If this model is correct, mutants that do not have space for
Wat189 should have reduced activity. The structures of
three p21ras mutants that introduce a sidechain into this area
have been determined in the GTP state or GppNHp state:
p21ras(G12D) [21], p21ras(G12V) [26] and p21ras(G12P) [21].
In the first mutant, the aspartic sidechain is oriented close
to the positions of Wat189 and forms a direct interaction
with the γ-phosphate group and the Gln61 sidechain. Gln61
cannot, therefore, adopt the conformation that would be
necessary to position the phosphorus-attacking water mol-
ecule (a water molecule at or near the position of Wat175
was not observed [21]). In the last two mutants (solved at
277K), water molecules Wat189 and Wat190 were not
observed. Superpositioning and modelling indicates that
these water molecules would be too close to any sidechain
at residue 12 (Figure 7). Whereas p21ras(G12V) has a dra-
matically reduced hydrolysis rate (kcat = 0.0040 min–1
[7,42,43]), p21ras(G12P) has a slightly faster hydrolysis rate
(0.043 min–1 [21]) than wild-type p21ras. Proline at position
12 is the only amino acid that can replace glycine and still
lead to retention of the intrinsic GTPase activity, which
cannot, however, be stimulated by GAP [21,44]. In the
course of the present work, we have re-refined the structure
of p21ras(G12P)–GppNHp using the same refinement strat-
egy and protocol as for the other structures in order to verify
its water structure around the γ-phosphate group. We could
not detect a water molecule at or near the positions of
Wat189 or Wat190. This might indicate that either the two-
water model is not valid or that in the case of p21ras(G12P)
another protonation mechanism for the γ-phosphate group
can occur. The three mutants share the property that the
GTPase reaction cannot be accelerated by GAP. This is
most probably because of the important interaction
between the carbonyl oxygen of GAP-Arg789 and the
sidechain carbamoyl group of p21-Gln61, which is sterically
hindered by any sidechain at position 12 of p21ras [45].
Relation to the transition state analogue structures
In order to discuss the relationship of the p21ras–GTP
ground state investigated here to the GAP-catalyzed
GTPase mechanism (Figures 8a,b), it is necessary to
describe briefly the active-site structure of the p21ras–GAP
transition state analogue complex published recently (PDB
entry 1WQ1 [45]). The description also applies to similar
complexes between RhoA and its corresponding GAP [46]
(albeit with AlF4– instead of AlF3 in the Scheffzek et al.
structure [45]) and between Cdc42 and Cdc42GAP [47] in
complex with GDP and aluminium fluoride, although the
numbering of the amino acid residues differs. In the struc-
ture of the complex between p21ras, GAP and aluminium
fluoride, the following interactions and structural features
are seen (Figure 8b) and, assuming this to be an analogue
of the transition state, are concluded provisionally to occur
in the actual transition state or a pentavalent phosphorus
intermediate in an extreme associative hydrolysis mecha-
nism. We assume that the hydrogen-bonding interactions
seen with fluorides are equivalent to interactions with the
phosphorus oxygens of the γ-phosphate group in GTP.
The aluminium ion is pentacoordinated, with three equator-
ial tightly bound (short bond) fluorides and, as axial ligands,
a less tightly coordinated oxygen from the β-phosphate of
GDP (bond length 2.2 Å) and a water molecule at essen-
tially the same distance. The latter ligand could be either a
water molecule interacting through its two hydrogens with
both the carbonyl group of Thr35 and with the sidechain of
Gln61 or an hydroxy ion with a bifurcated hydrogen bond,
in agreement with the geometric requirements [48]. The
Gln61 sidechain also interacts with the carbonyl group of
Arg789 from GAP, and this interaction must be with the
NH2 group of the glutamine sidechain, which in turn means
that its carbonyl group interacts with the water molecule or
hydroxy ligand of the aluminium ion. Thus, these inter-
actions, which should also exist in the putative transition
state, are with the same groups as found in the GTP ground
state described in the present contribution, and we assume
by analogy in the ground state it is also the carbonyl group
of Gln61, and not the NH2, which interacts with the water
molecule. This is also in agreement with requirements set
by the presence of the hydrogen bond formed between the
Gln61 and Glu63 sidechains seen in the 100K structures. A
number of other interactions are also seen both in the GTP
ground state and in the putative transition state. These are,
in particular, the interaction of 2O of the γ-phosphate with
Mg2+ and with the backbone NH of Thr35 and the inter-
action of the sidechain of Lys16 and the backbone NH of
Gly60 with 1O. In the ground state, 3O does not interact
with the protein, although there is an interaction with a
water molecule (Wat189), as discussed above.
We can now describe the changes occurring on proceeding
from the ground state to the transition state structure as
derived from the p21ras–GAP–GDP–AlF3 structure (and also
with equivalent residues in the Rho–RhoGap–GDP–ALF4–
structure). The only phosphate–protein interactions seen in
addition to those in the p21ras–GTP ground state are the
interaction of the sidechain NH1 of GAP–Arg789 with 3O of
the γ-phosphate and with the oxygen bridging the β- and 
γ-phosphates, and the interaction of the NH2 group of the
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sidechain of Gln61 with the same oxygen (that is 3O,
Figure 8b). Interestingly, and possibly very importantly,
there is now also an interaction of the sidechain of Gln61
with the backbone carbonyl oxygen of GAP–Arg789, as
already mentioned. Thus, in comparison with the ground
state, it appears that the Gln61–H2O structure has moved
~2 Å in the direction of the γ-phosphorus, and that this is sta-
bilised by the Gln61–Arg789 and Gln61–3O interaction,
whereas the Arg789 sidechain makes an important inter-
action with 3O of the phosphate group. The role of the argi-
nine residue can be interpreted as stabilising the build up of
additional negative charge on the γ-phosphate and indirectly
drawing the attacking water molecule nearer to the elec-
trophilic phosphorus by virtue of the mutual interaction with
residue Gln61. GAP inserts a further arginine sidechain
(Arg903) between Gln61 and Glu63, breaking their hydro-
gen-bond interaction and therefore enabling the reorienta-
tion of the Gln61 sidechain. The role of Gln61 and Thr35 in
the ground state appears to be to position the attacking
water molecule, which is then brought closer to the γ-phos-
phate group by GAP although still retaining its interactions
with the two residues.
How does this proposed mechanism relate to that dis-
cussed above for the basal GTPase (in the absence of
GAP)? It is difficult to extend the substrate-assisted prin-
ciple to the GAP-activated mechanism for the following
reasons. If proton transfer to the γ-phosphate from the
attacking water occurs, this would presumably be to 3O,
because it is not involved in an interaction with the
protein in p21ras–GTP. This cannot be reconciled with the
evidence that the sidechain of Arg789 from GAP interacts
with this oxygen in the transition state with GAP,
however, because this requires (or at least is much
stronger with) the unprotonated form.
Several points about this scheme should be noted. Firstly,
the strong interactions of the protein (p21ras) and Mg2+ with
the β-phosphate oxygens of GTP and with the β,γ-bridging
oxygen withdraw electrons from the β-phosphorus, from
the β,γ-bridging oxygen, and finally from the γ-phosphorus.
These effects have been regarded as favouring a dissocia-
tive type of mechanism, especially if augmented by further
interactions of the β-oxygens with residues from GAP in
the transition state, in particular the bridging oxygen [40].
They will also function in a positive catalytic manner in an
associative reaction, however, because the electrophilicity
of the γ-phosphate is increased, facilitating attack of water
or an incipient hydroxyl ion. Thus, interactions with the
oxygens of the β-phosphate, both in the ground state and
the transition state, could be catalytic for both types of
mechanism. Recent Fourier-transform infrared (FTIR)
spectroscopy investigations confirm the particularly strong
interaction of the β-phosphate with the protein [49]. 
Secondly, in the model of the transition state derived from
the p21ras–GAP–GDP–AlF3 complex and the corresponding
structure with RhoA as well as of the heterotrimeric G pro-
teins, the number of interactions increases significantly,
suggesting a mechanism of stabilisation of an associative
transition state. In contrast, interactions already present in
the ground state would be weakened on formation of a dis-
sociative transition state because of the reduction of total
negative charge distributed over the non-bridging oxygens.
In a purely dissociative mechanism, the reduction would be
from 2 to 1 charges, but even in a mechanism that was only
partially dissociative, there would be some loss of charge
and consequent weakening of the interactions. This argues
strongly against a predominantly dissociative mechanism
and the situation becomes even clearer when it is realized
that all the interactions seen in the aluminium fluoride
structure will be tending to increase the negative charge
density on the phosphate oxygens, as expected for an asso-
ciative mechanism (from 2 to 3 in the extreme case of pure
associative with a pentacovalent intermediate).
Thirdly, in general terms, it is difficult to conceive of a
mechanism for stabilization of a metaphosphate-like
species required by a pure dissociative mechanism. Thus, a
dissociative mechanism could be favoured by the factors
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Figure 7
Stereo representation of the
p21ras–GDP–AlF3–GAP structure [45]
superimposed with p21ras(G12P)–GppNHp.
Displayed residues are Pro12–Gly13 and
Gln61 of p21ras(G12P)–GppNHp (in magenta)
and GDP, AlF3 and GAP-Arg789 (in green) of
p21ras–GDP–AlF3–GAP. The water molecules
Wat175, Wat189 and Wat190 (red spheres)
are placed at the positions where they are
seen in the structure of p21ras–GppNHp
(277K). The hydrogen bond between the
mainchain C = O of GAP-Arg789 and the
sidechain group of p21-Gln61 is indicated as a
dashed line. This figure was generated using
the program Bobscript [59].
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mentioned in the first point above, but not by specific
interactions with the metaphosphate-like transferred phos-
phate group in the transition state because the only inter-
actions possible (hydrogen bonds or electrostatic
interactions) will tend to stabilise the charge density on the
oxygens of the γ-phosphate group and prevent their migra-
tion towards the phosphorus and the bridging oxygen to
reach the proposed transition state. In a dissociative mech-
anism, it is to be expected that there would be not only few
and weak interactions of the γ-phosphate group with the
enzyme in the ground state, but probably destabilising
interactions, which could be electrostatic or steric. 
Fourthly, interactions with the attacking water molecule,
which is the second substrate in the enzymatic reaction,
appear to be relatively weak in the ground state, as indi-
cated by the evidence that the presumed catalytically
active constellation with interactions of Gln61 and Thr35 is
only populated to the extent of ~50%. In the analogue of
the transition state, the corresponding interactions appear
to be stronger. Thus, they fulfil the expected requirement
of being present but relatively weak in the ground state,
but strong in the transition state, thus contributing to sta-
bilisation of the transition state relative to the ground state.
Fifthly, a remaining problem in the envisaged mechanism
is the fate of the proton of the attacking water molecule,
which must be lost at some stage along the reaction coordi-
nate. In a classical associative mechanism, the attacking
species would be a hydroxyl ion or an incipient hydroxyl
ion. In a dissociative mechanism, the metaphosphate-like
species is assumed to be highly reactive, so that even the
weakly nucleophilic water molecule would react rapidly
with it. Thus, a general base is not considered to be
needed, and the lack of an obvious candidate for this role in
the active site of GTPases has been interpreted as evi-
dence against an associative mechanism. This view might
be too narrow, however, as the situation is quite different
from that in solution, with the γ-phosphate fixed rigidly and
a large number of interactions with both the β- and γ-phos-
phates withdrawing electrons from the γ-phosphorus and
rendering it susceptible to nucleophilic attack. In addition
to this, the attacking water molecule appears to be posi-
tioned by interactions with residues of p21ras and interac-
tions of one of these residues with the catalytic arginine of
GAP as the transition state is approached. Presumably, the
nucleophilicity of the water molecule is increased by the
two hydrogen bonds, even if neither of the groups can be
considered to play the role of a general base. We propose
therefore, that the attacking species is a water molecule and
that in the transition state, a partial bond between the
water oxygen and phosphorus is formed. The pKa value of
the water molecule will decrease progressively as the P–O
bond is formed, so that at some point along the reaction
pathway, dissociation occurs and the pentacovalent inter-
mediate typical of the associative mechanism is formed, or
breakage of the bond to the β,γ-bridging oxygen occurs.
Biological implications
GTP-binding proteins cycle between an active GTP-
bound state and an inactive GDP-bound state resulting
from the hydrolysis of bound GTP to GDP. The present
work gives further insights into the local events around
the γ-phosphate group of GTP leading to its hydrolysis.
We present the possibility that two water molecules are
involved in the first events of GTP hydrolysis in the
absence of a GTPase-activating protein (GAP), but also
propose that in the GAP-mediated hydrolysis reaction
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Figure 8
Comparison of the protein environment for the
intrinsic and GAP-activated GTP hydrolysis of
p21ras. (a) Scheme of the proposed ground
state of p21ras–GTP for the intrinsic GTP
hydrolysis reaction. Wat189 makes two
hydrogen bonds, one with the unliganded 3O of
the γ-phosphate and the other with Wat175-A
(numbering of oxygen atoms in analogy to
fluorines in Scheffzek et al. [45]). The water
molecule Wat175 is held in place by hydrogen
bonds with the sidechain carbonyl oxygen of
Gln61 and with the mainchain carbonyl oxygen
of Thr35. (b) Scheme of the proposed
transition state of p21ras in complex with GAP
based on the structures of
p21ras–GAP–GDP–AlF3 [45] and
Rho–RhoGap–AlF4– [46]. No water molecule
equivalent to Wat189 is described for this
complex. The sidechain guanidinium group of
an arginine (GAP residue Arg789) forms one
hydrogen bond to the 3O of the 
γ-phosphate and one to the bridging oxygen
between the β-phosphate and γ-phosphate.
Another hydrogen bond to the 3O atom is
shown with the NH2 group of the sidechain
carbamoyl group of Gln61 (p21). The
sidechain C = O group of Gln61 is hydrogen
bonded to the apical ligand, proposed to be a
water molecule.
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the γ-phosphate of GTP does not become protonated as
part of the mechanism. The GTP hydrolysis reaction
appears to be predominantly associative in nature. The
structures provide further information for understanding
the determinants that fine-tune the basal rate of hydroly-
sis of GTPases of the Ras superfamily, which vary over
several orders of magnitude. 
For the biological and biophysical characterisation of
GTP-binding proteins in their active conformation,
slowly-hydrolysable or non-hydrolysable GTP analogues
such as GTPγ S and GppNHp are used frequently, but
it is possible that these analogues might not truly mimic
the GTP-bound state. We have shown that in the case of
p21ras, the GTP analogue GppNHp and GTP bind in an
identical mode to the protein, albeit with a slightly differ-
ent positioning of the β,γ-bridging NH group. This is a
further justification for using GppNHp as a tool to keep
the protein permanently in its active conformation as long
as the hydrogen-bonding potential of the bridge is not
important. These observations probably also apply to
other small GTP-binding proteins of the Ras superfamily.
Materials and methods
Crystallisation
Expression, purification and nucleotide exchange of p21ras (residues
1–166) was performed as described [21]. Crystals were grown in the
dark using an established seeding protocol [16]. A protein solution of
25–30 mg/ml p21 (residues 1–166) in 1:1 complex with R-caged GTP
[18] in 64 mM Tris-HCl (pH 7.6), 10 mM MgCl2 and 10 mM DTT was
mixed with an equal volume of precipitation solution consisting of 56%
(v/v) of PEG-400 (Sigma) in 64 mM Tris/HCl (pH 7.6), 10 mM MgCl2 and
10 mM DTT, incubated for 30 min at 4°C and centrifuged for 30 min at
4°C with 15,000 × g. Drops of 10 µl were pipetted into a micro batch
glass chamber (chamber volume around 500 µl) seeded with 1 µl diluted
seed solution and sealed with clear sealing tape (Hampton research).
Crystals appeared within 10 h and were used for further experiments after
7–10 days. Crystals of p21ras–GppNHp were obtained under the same
crystallization conditions, but without the need of seeding. Flash freezing
in liquid nitrogen was performed without additional cryoprotectant.
Photolysis of p21ras–caged GTP
The setup for the irradiation of the crystals consisted of a continuous
mercury 100 W arc lamp (#6281, LOT Oriel), equipped with a water
filter and a UG5 filter. The filtered light was passed through a mono-
chromator (type H10UV, Jobin Yvon - Spex) and the 313 nm ± 2 nm
mercury line was guided with a liquid light fibre (2 mm diameter,
Lumatec) into the crystal.
For the preparation of p21ras crystals complexed with GTP a crystal of
p21ras–caged GTP with largest dimensions of 200–250 µm was
enriched with fresh DTT (final concentration in the drop ~50 mM). The
crystal was cooled from 18°C (growth temperature) to 2°C and mounted
in its crystallization mother liquor in a nylon loop with a diameter of
300 µm. To protect the crystal from drying out, the loop was placed in a
small plastic cuvette and sealed air-tight. Light of 313 nm was guided
with a liquid fibre into the cuvette and focused on the crystal. During irra-
diation the crystal was rotated to achieve complete illumination from all
sides to reduce the inner filter effect. After 2–3 min the conversion of
caged GTP to GTP was complete (verified by HPLC analysis of identi-
cally treated crystals) and the crystal was shock frozen in liquid nitrogen.
The preparation of p21ras crystals in complex with GDP was based on
the same techniques as for p21ras–GTP with a few modifications. The
crystal was not mounted in the loop for irradiation but left in the micro
batch crystallisation chamber sealed with clear epoxy tape sitting on a
UV mirror. The crystals were kept at growth temperature (18°C). After
conversion of caged GTP to GTP the crystal was left in this environ-
ment (light switched off) for 6–8 half times of the intrinsic GTP hydroly-
sis reaction (T1/2 is ~60 min at this temperature in the crystal) before it
was mounted in a nylon fibre loop and shock frozen in liquid nitrogen.
The illumination in the batch chamber was necessary because during
the incubation for the intrinsic reaction partial drying out of loop-
mounted crystals could not be completely avoided.
For all experiments, at least five crystals of the same batch were identi-
cally converted into the required nucleotide state. The additional crys-
tals were analyzed by HPLC after shock freezing to serve as controls
for photolysis and hydrolysis. The crystal used for data collection was
analyzed by HPLC after the collection of diffraction data. For refine-
ment, only those data sets were used where the crystal had a degree of
conversion larger than 95% and the nucleotide composition before
(HPLC profile of second crystal) and after data collection was not sig-
nificantly different. Analysis of side reactions induced by photolysis of
caged GTP in the presence of DTT that could result in covalent modifi-
cations of the protein were performed with electron-spray ionisation
mass spectrometry under nanospray conditions [50].
Data collection and processing
Diffraction data for three GTP-, one GppNHp- and two GDP-bound
states were collected at 100K (Oxford Cryostream) using a Siemens self
rotating copper anode and a Highstar area detector. A third data set of
the GDP-bound state at 100K was collected at the HASYLAB beamline
BW6 at DESY using a MAR345 image plate detector. A data set of
p21ras–GppNHp at 277K was collected at the HASYLAB beamline BW6
at DESY using a MAR-CCD detector. All diffraction frames and images
were processed with the program XDS and reduced with the program
XSCALE [51]. The individual data sets were obtained from different crys-
tallisation and illumination experiments. The crystals belong to the space
group P3221, with one complex in the asymmetric unit. A summary of the
individual data sets and the processing statistics is given in Table 1.
Refinement
At the beginning of refinement all three GTP and GDP structures were
processed and refined independently. Starting phases were calcu-
lated using the p21ras–GppNHp(277K) structure (PDB entry 5P21
[8]) without nucleotide, magnesium ion, water molecules and the loop
regions from residues 30–38 and 60–68. The initial refinement was
carried out using the programs X-PLOR and CNS, respectively
[25,52–54] and the CCP4 program package [55]. The different struc-
tures were refined in parallel using identical refinement strategies.
Display of electron-density maps, interpretation and subsequent
model building was carried out with O [56]. Because the most impor-
tant aspect for the presented work were the surroundings of the 
γ-phosphate group, the sidechains for residues 61–68 and the coordi-
nated water molecules were built last after no further significant
Fobs–Fcalc difference electron-density peaks showed up for the remain-
ing parts of the molecule. After the refinement of the individual data
sets had converged, a first comparison of the individual structures
was performed to identify deviations from one experiment to the other.
These comparisons were based on the interpretation of simulated
annealing omit maps, σa-weighted 2Fobs–Fcalc and of Fobs–Fobs elec-
tron-density maps, respectively. Because in all three structures the
same alternative conformations for sidechains (residues Asn26,
Thr50, Thr74 and Cys118) and no significant differences around the
γ-phosphate group could be observed, an averaged and normalised
electron-density map was calculated in real space from the individual
electron-density maps (using the program 4d_mapman [57]). These
maps showed significantly reduced noise compared with the individ-
ual electron-density maps. For further refinement the three individual
data sets were scaled together (XSCALE) to obtain one high-quality
data set. To be able to calculate estimated standard deviations (esd)
for individual atom positions, bond lengths and bond angles, further
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refinement against F2-values was carried out using [23] keeping the
same set of reflections for Rfree cross-validation. Conjugate gradient
least-squares (CGLS) cycles (10) were performed in each of five con-
secutive SHELXL refinement jobs, global restraint esd defaults
(DEFS) were set to 0.02 0.1 0.01 0.04, refinement of diffuse solvent
parameter (SWAT) and anisotropic scaling (HOPE) were included
step-wise. Only the magnesium ion and the sulfur and phosphorus
atoms were refined anisotropically in the last CGLS refinement run.
After each refinement the complete model was checked based on 
σa-weighted electron-density maps. After convergence using conju-
gate-gradient least-squares (CGLS) refinement one cycle of full-matrix
least-squares refinement (LS) was performed with all restraints
switched off. Calculation of bond lengths, angles and connected esd
values was performed with the RTAB option. 
Accession numbers
Coordinates of p21ras–GTP and p21ras–GppNHp (100K) have been
deposited in the Protein Data Bank with entry codes 1QRA and
1CTQ, respectively [58].
Supplementary material
Supplementary material including figures describing the detailed
bond lengths and angles of the nucleotides and a more detailed
table of structure statistics is available at http://current-
biology.com/supmat/supmatin.htm.
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Table S1
Data collection, processing and model refinement statistics for p21ras–GTP, p21ras–GppNHp and p21ras–GDP.
p21ras–GTP p21ras–GppNHp p21ras–GDP*
T1 T2 T3 T1 + T2 + T3 N1 N2 D1
Data statistics
Area detector HiStar HiStar HiStar HiStar Mar345/Histar8 HiStar
Wavelength (Å) 1.54 1.54 1.54 1.54 1.0/1.54 1.54
Temperature (K) 100 100 100 100 277 100
Resolution limit (Å) 1.86 1.6 1.5 1.25 1.3 1.9
Cell dimensions (P3221) a = b = 39.6; a = b = 39.6; a = b = 39.6; a = b= 39.6; a = b = 40.1; a = b = 39.7;
c = 159.3.1 c =159.3 c = 159.4 c = 158.4 c = 160.4 c = 154.1
No. of observed reflections 28,185 11,4822 63,687 105,982 124,045 28,586
Average redundancy 2.8 6.1 3 9.1 3 4 2.8
Rmerge (%)‡ 3.3 4.1 3.2 6.9 2.7 8.3 8.0
Intensities <I/σ> 21.1 [4.1]§ 22.2 [3.2]§ 21.0 [4.5]§ 30.7 [5.0]§ 28.9 [6.7]§ 9.24 [2.45]§ 17.7 [3.4]§
Structure factors <F/σ> 42.1 [7.9]§ 44.2 [6.2]§ 41.9 [9.7]§ 61.3 [9.9]§ 57.9 [13.1]§ 18.3 [4.8]§ 35.4 [7.9]§
Refinement statistics
Resolution limit (Å) 1.9 1.7 1.6 1.6 1.25 1.35 2.0
No. of unique reflections 9356 16,158 19,311 21,641 35,100 29,807 8915
Completeness of data (%) 77.1 [35.6]# 95.9 [91.3]# 96.5 [74.5]# 99.8 [87.1]# 86.3 [58.8]# 87.4 [66.1]# 87.3 [77]#
Rcryst (%)/(Rfree (%)¶¥ 20.2/23.4 19.0/21.9 19.6/22.9 16.8/23.0 17.1/22.2 21.9/24.3 26.5/31.6†
Rms bond lengths (Å) 0.007 0.007 0.01 0.008 0.010 0.009 0.007
Rms bond angles (°) 1.404 1.408 1.475 1.480 2.29 1.402 1.264
Rms ∆ω (°)** 1.3 1.5 1.6 5.5 5.6 1.6 1.2
No. of nonhydrogen atoms 1469 1509 1523 1649 1668 1629 1411
No. of water molecules 114 154 168 232 256 160 64
Mean/rms on B factors (Å2)
overall 26.2/13.2 20.1/10.5 20.4/12.2 23.9/13.4 17.5/11.8 24.5/10.7 32.3/13.8
backbone 23.0/10.6 16.7/7.9 16.2/8.5 18.5/8.6 17.6/11.1 21.1/8.4 30.9/12.5
sidechain 28.7/15.5 20.9/10.4 21.5/12.2 24.5/12.3 18.0/11.1 24.3/7.9 33.7/15.3
nucleotide + Mg(II) 20.2/2.7 13.6/1.4 12.5/1.6 13.7/1.5 8.6/1.4 15.0/1.8 25.6/5.5
solvent 32.0/8.7 32.2/12.2 34.6/13.7 40.3/15.6 31.5/14.0 42.7/12.7 36.3/11.3
*The refinement for three independent crystal structures of
p21ras–GDP are in progress; the statistics of the best data set are
given for the comparison (see Results section). †The high-resolution
data were collected at beamline BW6 (DESY-Hasylab, Hamburg)
using a Mar345 imaging plate and combined with a low-resolution
(100–1.5 Å) data set collected in house. ‡Rmerge = 100 × ∑\I–<I>\/∑I,
where I is the observed intensity and <I> is the average intensity
calculated from multiple observations of symmetry-related reflections.
§In square brackets are quantities calculated in the highest resolution
shell collected: 2.0–1.86, 1.8–1.6, 1.7–1.54, 1.7–1.54, 1.35–1.25,
1.4–1.3 and 1.9–2.0 Å for data columns T1, T2, T3, T1 + T2 + T3, N1,
N2 and D1, respectively. #In square brackets are quantities calculated
in the highest resolution shell used for refinement: 2.0–1.9, 1.8–1.7,
1.7–1.6 and 1.7–1.6 Å for data columns T1, T2, T3 and T1 + T2 + T3,
respectively. ¶Rcryst = 100 × ∑|Fo–Fc|/∑hkl|Fo|, where Fo and Fc are
observed and calculated amplitudes, respectively. ¥Rfree is an Rcryst
calculated using 5% of the processed data, chosen randomly, kept
constant and omitted from all subsequent structure refinement steps
[53]. **∆ω is the deviation of the peptide torsion angle from 180°.
S2 Supplementary material
Figure S1
Comparison of the bond lengths and angles in
the phosphate part of GTP and GppNHp. 
(a) The triphosphate chain is superimposed
together with the Mg2+ ion and its
coordinating water molecules. (b) Bond
lengths and the angle at the β,γ-bridging
heteroatom (X = O in GTP and X = NH in
GppNHp). The values were calculated in
SHELXL with the RTAB option after a least-
squares refinement without any restraints
(numbers in red are for GppNHp). The mean
estimated standard deviation (esd) is 0.04 Å
(bonds) and 2.5° (angles) for GTP and
0.025 Å (bonds) and 1.5° (angles) for
GppNHp. This figure was generated using
Bobscript [59].
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